Loud noise frequently results in hyperacusis or hearing loss (i.e., increased or decreased sensitivity to sound). These conditions are often accompanied by tinnitus (ringing in the ears) and changes in spontaneous neuronal activity (SNA). The ability to differentiate the contributions of hyperacusis and hearing loss to neural correlates of tinnitus has yet to be achieved. Towards this purpose, we used a combination of behavior, electrophysiology, and imaging tools to investigate two models of noise-induced tinnitus (either with temporary hearing loss or with permanent hearing loss). Manganese (Mn 2+ ) uptake was used as a measure of calcium channel function and as an index of SNA. Manganese uptake was examined in vivo with manganese-enhanced magnetic resonance imaging (MEMRI) in key auditory brain regions implicated in tinnitus. Following acoustic trauma, MEMRI, the SNA index, showed evidence of spatially dependent rearrangement of Mn 2+ uptake within specific brain nuclei (i.e., reorganization). Reorganization of Mn 2+ uptake in the superior olivary complex and cochlear nucleus was dependent upon tinnitus status. However, reorganization of Mn 2+ uptake in the inferior colliculus was dependent upon hearing sensitivity. Furthermore, following permanent hearing loss, reduced Mn 2+ uptake was observed. Overall, by combining testing for hearing sensitivity, tinnitus, and SNA, our data move forward the possibility of discriminating the contributions of hyperacusis and hearing loss to tinnitus.
Introduction
Chronic tinnitus, the perception of a ringing, buzzing or hissing sound in the absence of an external stimulus, affects approximately 15% of the population. Tinnitus is most prevalent in older individuals and those constantly exposed to loud noise and is on the rise in adolescents (Shargorodsky et al. 2010; McCormack et al. 2016) . Although chronic tinnitus can have a negative impact on quality of life, mental health, and auditory function there are few techniques that allow objective diagnosis or mapping of the biological effects of tinnitus in vivo. As such, the underlying mechanisms of tinnitus are still not well understood. The result of which is that there are no reliable and effective treatments for tinnitus (Jastreboff and Hazell 1993; Lockwood et al. 1998) .
Studies have suggested that both increases and decreases in spontaneous neuronal activity (SNA) occur in tinnitus models (e.g., Kaltenbach et al. 2005; Brozoski et al. 2007; Auerbach et al. 2014; Ropp et al. 2014) . Changes in spontaneous neuronal activity (SNA) in auditory-related brain regions [e.g., cochlear nucleus (CN), the inferior colliculus (IC), and the auditory cortex (AC)] have been suggested as a biomarker of tinnitus (Baizer et al. 2012; Brozoski et al. 2002 Brozoski et al. , 2007 Eggermont and Roberts 2004; Holt et al. 2010; Kaltenbach et al. 2005; Mulders and Robertson 2013; Robertson et al. 2013; Shore et al. 2007 ). However, there has not been a consensus on when or which brain region to focus on to study SNA changes after the onset of noise-induced tinnitus. Several approaches have been employed to define temporal and spatial tinnitus-related changes in SNA, for example, studies are often performed in tissue slices (Basta and Ernest 2004) , ex vivo (Brozoski et al. 2010 (Brozoski et al. , 2013 , or in anesthetized animals (Brozoski et al. 2002; Robertson et al. 2013; Mulders and Robertson 2013) . The results point to the necessity of refining and utilizing methods for in vivo evaluation of changes in SNA concurrently across multiple auditory-related brain regions. Thus, studying neuronal plasticity associated with noise-induced tinnitus remains problematic, but is important to elucidate in order to identify types and windows of therapeutic intervention.
One method that can be used to address this problem is manganese enhanced MRI (MEMRI). Manganese (Mn 2+ ) is a calcium ion surrogate (and MRI contrast agent) that readily enters active neurons while the animal is awake and behaving. Manganese uptake can occur within hours via L-type calcium channels. Because efflux of Mn 2+ is much slower (days to weeks), Mn 2+ levels within brain regions represent an index of SNA, which primarily correlated with the time of manganese administration (Salvi and Arehole 1985; Takeda 2003) . Importantly, encoding SNA using manganese occurs while the animal is awake and freely moving, although the measure of the encoded signal using manganese-enhanced MRI (MEMRI) requires anesthetizing the animal. Encoding SNA in the awake and freely moving animal offers a major advantage of allowing potentially confounding influences of ambient and scanner noise to be minimized. Therefore, MEMRI is the imaging modality of choice for measuring neuronal activity throughout the auditory pathway with high spatial resolution in awake and freely moving animals (Silva and Bock 2008; Cacace et al. 2014) .
Also, the contribution of hearing status to tinnitus effects is not well understood. In addition, we also find that GAP inhibition of the acoustic startle reflex (GAP) is a powerful non-invasive approach for studying tinnitus. GAP detection is a behavioral test for tinnitus that examines the ability to discriminate a gap of silence embedded in a carrier tone of a specific frequency and intensity. Subjects hearing both the carrier tone and the silent gap have a reduced response to a loud startle sound presented after the gap of silence. If the silent gap is obscured by the subject's tinnitus (similar frequency and intensity) the startle response is more similar to the condition in which there is no gap of silence preceding the startle sound. This deficit in GAP detection has been correlated with tinnitus (Campolo et al. 2013; Galazyuk and Hébert 2015; Holt et al. 2010; Lobarinas et al. 2013; Turner et al. 2006; Turner and Larsen 2016) .
We have already demonstrated MEMRI and GAP detection to be useful in the study of noise-and drug-induced tinnitus during acute the stages of the condition (Holt et al. 2010) . Whether MEMRI and GAP detection will be useful at longer times after tinnitus onset remains to be determined. In the current study, we tested the hypothesis that the central effects of hearing loss are distinguishable from the effects of tinnitus 2 months after noise exposure. Manganese uptake was used as representative of neuronal activity with hearing status and tinnitus examined by auditory brainstem response (ABR), pre-pulse inhibition, and GAP inhibition of the acoustic startle reflex. Two animal models were employed to test the hypothesis (Brozoski et al. 2007; Heffner and Harrington 2002; Turner et al. 2006) , one with a permanent threshold shift (PTS) following a noise exposure and another model with a noise-induced temporary threshold shift (TTS).
Materials and methods

Subjects and design
Fifteen adult male Sprague Dawley (SD) rats were obtained from Charles River Laboratory. All rats weighed 350-380 g at the beginning of the experiment. They were individually housed and maintained at 25 °C with a 12 h light/dark cycle (lights on at 7 AM). Standard housing conditions with free access to normal rat chow and tap water were provided. Wayne State University (WSU) maintains AAALAC accredited animal facilities under the Division of Laboratory Animal Resources. Animals were treated in accordance with the Animal Welfare Act and DHHS "Guide for the Care and Use of Laboratory Animals". and all procedures were approved by the Wayne State University Institutional Animal Care and Use Committee (IACUC) in accordance with NIH guidelines.
Rats were divided randomly into three experimental groups: (1) a control group (control) exposed only to ambient noise conditions and either a (2) mild (TTS) or (3) severe group (PTS) exposed to one of two types of noise exposure (described in "Noise exposures" section). Before and after noise exposure, hearing thresholds were tested using ABR in a subset of animals (to minimize anesthesia effects). In addition, pre-pulse inhibition was used to test hearing in all animals and GAP detection was also tested for a period of eight weeks after noise exposure. Neuronal activity was assessed using MEMRI (Fig. 1) .
To obtain a representative hearing threshold for each group, ABR testing was performed for at least two animals in each group with three time points assessed before and after noise exposure, and after MEMRI. Animals were anesthetized with a mixture of ketamine and xylazine (75 and 8 mg/kg i.m., respectively) and placed in a sound attenuating booth. Sub-dermal electrodes were inserted behind the ipsilateral pinna (reference electrode), on top of the head (active electrode), and behind the contralateral pinna (ground electrode). A speaker (modified Beyer) was placed into one external ear canal and 5 millisecond tone bursts were played during 1024 trials for each sound intensity level tested across three frequencies (4, 12, and 20 kHz) in increments of 5 or 10 dB from 100 to ~ 20 dB SPL. Evoked potentials were recorded, amplified, and filtered using Daqarta (Data AcQuisition And Real-Time Analysis) digital signal processing software (Daqarta 4.0 Ann Arbor, MI, USA). Hearing thresholds were obtained for each frequency by determining the lowest intensity at which a given tone evoked a measurable wave I response.
Acoustic startle reflex (ASR) testing
Inhibition of the ASR was measured repeatedly to determine baseline and post noise exposure responses. While in a sound attenuating booth, animals were placed in a plexiglass box with an adjustable ceiling positioned just above the back to restrict excessive movement and direct force downward onto a piezoelectric plate. Speakers were placed at the top of the sound chamber, approximately 15 cm above each animal. The output of the piezo transducer was amplified, filtered, and the root mean square of the waveform measured to determine startle amplitude. Responses were recorded using customized hardware and software (Kinder Scientific, Poway, CA, USA).
For each animal, pre-pulse inhibition (PPI) was tested first, followed by Gap inhibition (GAP) of acoustic startle. Testing lasted no longer than one hour per day. During PPI testing (Fig. 2a) , pre-startle tones were presented at 4, 8, 12, 16, 20 , and 24 kHz at levels equivalent to 45 and 60 dB sound pressure level (SPL) for each animal. Each pre-startle tone was presented for 50 ms in a silent background 50 ms before the startle noise (120 dB broad band noise for 20 ms). Trials of "sound off" startle noise were also played without a pre-pulse tone to determine a maximum startle response. During each session, animals completed sound off startle trials as well as trials of pre-pulse tests at each frequency and intensity for a total of 229 trials presented in random sequence. Inter-trial intervals varied between one and six seconds.
During GAP testing (Fig. 2c-e Fig. 2 Pre-pulse inhibition and GAP detection to determine hearing sensitivity (a, b) and tinnitus status (c-e). For pre-pulse inhibition, a maximum startle response is established by interjecting a startle noise (20 ms, 120 dB SPL broadband noise) during a silent interlude (a). To measure inhibition of this startle response, a period of silence is interrupted by a 50 ms tone 50 ms prior to the 20 ms startle noise (b). For GAP inhibition testing, the maximum startle responses with and without the background tone are determined (c). During GAP testing, a continuous carrier tone is interrupted by a 50 ms silent period (GAP) 50 ms prior to a 120 dB startle sound (d). If an animal experiences tinnitus at a frequency similar to that of the carrier tone then the tinnitus will interfere with GAP detection and the reduction in startle response will not be blunted (e) tone 50 ms prior to the startle noise (120 dB broad band noise for 20 ms). GAP testing includes startle responses to the silent GAP in tone trials ("gap in"; n = 108 trials), carrier tone trials with no silent GAP included-carrier tone only-("sound on" startle; n = 108 trials), trials with no sound before the startle ("sound off" startle; n = 108 trials), and trials with no sound and no startle (n = 15 trials) for a total of 339 trials.
Noise exposures
One ear in each animal was selected randomly to be blocked in order to attenuate the effects of noise and allow ASR testing. This was accomplished by inserting an industrial foam earplug (Howard Leight, Max Foam) into one ear canal. In addition, the pinna was folded over the ear canal entrance, covered with gauze, and animals were fitted with plastic collars to prevent removal during the noise exposure. Animals were then placed in individual wire mesh cages positioned on open racks in a custom-built noise exposure booth. Noise was generated using DaqGen software (Daqarta, Interstellar Research) channeled through 16 overhead speakers and Grass preamplifiers. For the TTS noise exposure group, animals were exposed to a 16 kHz, 106 dB SPL octave band noise for one hour. For the PTS noise exposure group, animals were exposed to a 10 kHz, 118 dB SPL one-third octave band noise for four hours. Octave band refers to frequency band in which the highest frequency is twice the lowest frequency whereas, in one-third octave band noise the highest frequency of the band is cubic root of 2 times the lowest frequency.
Manganese enhanced magnetic resonance imaging (MEMRI)
All rats received systemic administration of Mn 2+ (66 mg/ kg MnCl 2 ·4H 2 O, i.p.; dissolved in saline) one hour after noise exposure, but 24 h before neuroimaging, as previously described (Holt et al. 2010) . Immediately before the MRI examination, rats were anesthetized via inhalation of 5% isoflurane mixed with room air for induction, until loss of the toe-pinch reflex and then maintained on 1.5-2% isoflurane for the duration of experiment (~ 30 min). Animals were transferred to the scanner platform with a built-in, recirculating heated water system to maintain body temperature. The animal's head was stabilized using blunted ear-bars and a bite-bar.
Scans were performed on a 7 T Bruker ClinScan system with a Siemens console (for details of imaging methods see Berkowitz 2009 and . Briefly, a transmitonly whole body coil and a receive-only surface coil, placed dorsal to the head of the animal, were used to acquire two types of images based on a turbo-FLASH sequence: Scans acquired both with and without a slice-selective inversion pulse, generated magnetization prepared rapid acquisition gradient echo (MPRAGE) and proton density gradient echo weighted (PDGE) ; providing a resolution of 130 µm × 130 µm × 260 µm). The resulting scans contained a stack of 112 images spanning the brain from the caudal olfactory bulb to the caudal brainstem. For each rat the pulse sequence for collection of MPRAGE and PDGE images was executed twice. Following the scan, animals were allowed to recover from the anesthesia in a warm, clean cage without bedding.
Data analysis
ABR
For hearing thresholds, the lowest thresholds for a response to tone pips were compared across frequencies and groups using an analysis of variance. The amplitude of wave one (contribution of the auditory nerve) was compared across groups, at 12 and 20 kHz 2 days and 2 months after the exposure. The peak of wave one (P1 µV) was subtracted from the trough of wave one (N1 µV) for each sound level tested (25-80 dB SPL). StatView (version 5.0 SAS) was used for between group comparisons to determine significant differences (p ≤ 0.05) between experimental groups and a Scheffe test was performed for post hoc comparisons.
ASR
During ASR testing, animals had to exhibit a robust startle reflex in response to the startle stimulus, as well as attenuate the startle reflex in the presence of a pre-pulse or a silent gap embedded in a tone in order to be included in the study. During each ASR trial, the startle force exhibited by the animal had to be at least 50 times greater than the force exhibited by standing/walking only. Pre-pulse and GAP trials with changes greater than 200% (excessive movement) or less than 10% (very little startle) were excluded from analysis. If more than 50% of trials were removed for any frequency then the entire session was excluded from analysis. If more than 50% of the sessions were excluded then the animal would be removed from the study.
For PPI, results were calculated as the force of the startle response elicited in response to the startle noise when preceded by the pre-pulse, divided by the response to the startle noise alone. For GAP detection, the data were calculated in the same way except that: (1) the pre-pulse was replaced by a gap of silence for each trial at each frequency and sound level, (2) the maximum startle response was also recorded in the presence of the background tone. Data were analyzed similarly using StatView (version 5.0 SAS) for betweengroup comparisons and within-group comparisons to determine significant differences between and across frequencies with Tukey tests performed for post hoc comparisons.
In addition, GAP detection is defined as when the startle response following a GAP of silence in the tone, is less than the maximum startle response with no tone present (Fig. 2d) . This is usually under normal conditions-the control group. Reduced GAP detection is when the startle response following a GAP of silence in the tone, is closer to the maximum startle response-increased startle (Fig. 2e) . This is what we associate with tinnitus. Enhanced GAP detection is when the startle response following a GAP of silence in the tone, is much less than the maximum startle response when there is no tone present-decreased startle. This is associated with a "hyperacusis-like" circumstance.
MEMRI
Normalization Differences in Mn 2+ uptake across conditions and regions result from measurement of tissue T1 values and reflect signal intensity from regions of interest within the image. Since several other factors may affect signal intensity measured in standard T1-weighted images, such as tissue proton density, distance from receive-coil, and B1 inhomogeneity (Chuang et al. 2009 ) normalization is required. Because gradient echo images (PDGE and MPRAGE) acquired with a small flip angle would share the influence of these possible scanner artifacts, a ratio image (MPRAGE/ PDGE) can be created that is weighted heavily by tissue T1 and largely free of the afore mentioned non-biological influences on signal ( Van de Moortele et al. 2009 ). In addition, all functional comparisons of MEMRI data, brain signal intensities were normalized to muscle, similar to the approach we have previously used (Bissig and Berkowitz 2014; Holt et al. 2010) . Muscle normalization compensates for signal intensity gradients that remain after image processing and potential inter-individual differences in peripheral MnCl 2 administration and uptake (e.g. liver sequestration).
Using our established analysis protocol (Bissig and Berkowitz 2014) , the two stacks of MPRAGE images from each animal were imported into Image J (NIH Bethesda, MD) and signal intensity was added on a voxel-by-voxel basis to produce a MPRAGE_sum image. Similar steps were repeated for the two stacks of PDGE images to produce a PDGE_sum image.
Using the in-house developed R language scripts (v.2.9.0, R Development Core Team, 2009; http://www.R-proje ct.org), the number of the slices in both the MPRAGE_ sum and PDGE_sum images was doubled from 112 to 224 with the thickness of each image slice decreased from 260 to 130 µm, by inserting a duplicate slice adjacent to each original slice. This allowed a symmetric cube 130 µm on each side to be produced instead of the original 130 µm × 130 µm × 260 µm rectangle produced originally. Next, the ratio of the signal intensity of the modified MPRAGE_sum and PDGE_sum images were calculated on a voxel by voxel basis to produce the T1 weighted image (T1w_ratio).
For each rat, the T1w_ratio image stack was used for quantification of regions of interest (ROIs) by importing the stack to MRIcro v.1.40 (Rorden and Brett 2000) . Neuroanatomical landmarks and a rat brain atlas (Paxinos and Watson 2007) were used to define ROIs. Each anatomical region was identified by shape, size, and proximity to prominent adjacent structures. For tonotopic analysis within the CNIC, four parallel bands were delineated. The most dorso-lateral bands were defined as the lowest frequency regions and the most ventro-medial regions were defined as the highest frequency regions. Each hand-drawn ROI was placed in two to four 130 µm slices spanning the rostro-caudal extent of each brain region with the defined region drawn to occupy the entire coronal profile of each nucleus, excluding a border buffer of approximately one voxel wide depending on the ROI. Appropriate ROI placement was confirmed in parasagittal views and the subject-to-subject consistency of ROI placement was verified by at least two of the authors.
The average signal intensity was measured from each ROI including several midbrain and brainstem regions: the central nucleus, dorsal cortex, and external cortex of the inferior colliculus (CNIC, DCIC and ECIC, respectively), the dorsal (DCN) and ventral (VCN) cochlear nucleus, the paraflocculus (PFL), the superior olivary complex (SOC) and medial geniculate body (MGB). Several cortical regions, both traditionally auditory-primary auditory cortex (Au1), dorsal zone of auditory cortex (AuD), and ventral zone of auditory cortex (AuV), as well as regions not traditionally associated with auditory pathways -temporal association area (TeA) and hippocampus (CA1) were also investigated. The combination of four regions, TeA, AuV, Au1 and AuD, was labeled Auditory Cortex (AuC) and was examined as a group. In addition, average signal intensity was collected for muscle.
Results
ABR
Sound exposure results in PTS, TTS, and modulated wave I amplitudes
After the noise exposure, both the 12 and 20 kHz frequencies were significantly affected for the PTS and TTS groups (Table 1 ). Animals exposed only to ambient noise levels (control) had hearing thresholds averaging 33.2 ± 0.8 dB.
The PTS noise exposure group demonstrated elevated thresholds similar to that in our previous report (Holt et al. 2010) in both the unprotected (62.7 ± 1.3 dB) and protected ear (51.5 dB ± 0.16) 2 days after the noise exposure. The TTS noise exposure group exhibited elevated thresholds in the unprotected ear (42.7 dB ± 1.2) while the protected ear was not significantly different from controls (33.2 ± 0.8) 2 days following noise exposure (Fig. 3a, b) . In both the PTS and TTS groups the non-protected ear exhibited the highest thresholds at 2 days (Fig. 3a) . Two months after noise exposure, the unprotected ear from animals in the TTS noise exposure group (36.0 ± 1.2) had hearing thresholds that were not significantly different from that of the control group (33.5 ± 0.6 dB). However, the unprotected ear from animals in the PTS noise exposure group had thresholds that were elevated 26% (p ≤ 0.05) above the control group and 20% (p ≤ 0.05) above that of the TTS noise exposure group (Fig. 3a) . By 2 months, hearing thresholds in the protected ear from animals in both the TTS and PTS groups had returned to normal (Fig. 3b) .
Noise exposure results in long-term changes in ABR wave I amplitude
Both at 2 days and 2 months following noise exposure the contribution of the vestibulo-cochlear nerve to the ABR was assessed by comparing the amplitude of wave I across groups in the non-protected ear. At 12 kHz, there were no significant changes in wave I amplitude at 70 or 80 dB SPL in the PTS or TTS group when compared to the control 
Fig. 3
Mild and severe noise exposures result in a temporary threshold shift (TTS) and a permanent threshold shift (PTS) as well as alterations in wave I amplitude after 2 months. Animals sustaining a TTS had thresholds different from the control group (a). Threshold shifts in the unprotected, and protected ear were compared 2 days and 2 months after noise exposure (a, b). Wave I amplitude (µV) was measured across 70-80 dB SPL at 12 kHz (c) and 20 kHz (e) 2 days following noise exposure when compared to controls. Wave I amplitude was also measured 2 months after the acoustic trauma at the same frequencies, 12 kHz (d) and 20 kHz (f). *p value ≤ 0.05, **p value of 0.01-0.05; ***p value of 0.001-0.005 group 2 days after noise exposure (Fig. 3c) . There was also no significant difference in wave I amplitude 2 days after noise exposure at 20 kHz for either the PTS or TTS group when compared to the control group at 70 or 80 dB SPL (Fig. 3e) . Two months after the noise exposure, there was no significant difference in wave I amplitude at 12 kHz (Fig. 3d) between the PTS and the TTS groups at 70 or 80 dB SPL when compared to the control group (p ≤ 0.60 for each). However, at 20 kHz, after 2 months, while there was only a trend toward increased wave I amplitudes in the PTS group at 80 dB SPL when compared to controls (p = 0.073), amplitudes in the TTS group were significantly elevated at 80 dB SPL (p = 0.047) by almost four times when compared to the control group (Fig. 3f) .
Noise exposure results in ASR deficits regardless of hearing threshold
To determine whether changes in ABR threshold and wave I amplitude interfered with the ability to startle, we examined performance during ASR testing.
Pre-pulse inhibition
Data are reported as percentage of maximum startle, where the maximum is 100% (y-axis). Thus, the smaller the percentage of maximum startle, the more the startle response is reduced (the better the performance). All subjects were able to respond to the pre-pulse with a reduction in maximum startle response during PPI ASR testing both before and after noise exposure (Fig. 4) . In the control group, the mean reduction in startle was 40% during collection of baseline values and 55% during the subsequent eight weeks. Similarly, in the TTS group, the initial reduction in startle was 43.2 and 51.9% after the noise exposure.
In the severe noise group, the initial startle reduction was 38.2 and 32.2% after noise exposure that produced a PTS (Fig. 4) . These results indicate that animals were capable of hearing the pre-pulse across frequencies tested and hearing the tone during GAP testing.
GAP detection
As with PPI, data are reported as percentage of maximum startle (100%, y-axis) . Therefore, the smaller the percentage of maximum startle, the more the startle response is reduced (the better the performance). During GAP detection testing, animals in each group demonstrated reduced startle in response to a gap of silence prior to the startle noise, across all tested frequencies before noise exposure (control − 29.6% ± 1.3; PTS − 24.6% ± 1.0; TTS − 28.7% ± 1.2). Noise exposure, did not significantly diminish the startle in response to a gap of silence prior to the startle noise, with animals displaying startle responses reduced by at least 25%. Specifically, the control group exhibited startles reduced by 32.6% ± 0.87, 26.7% ± 0.84 by the PTS group, and 35.2% ± 0.87 by the TTS group (Fig. 5) .
GAP detection across groups
There were no significant differences in baseline startle at either 12 or 16 kHz across groups. After the noise exposure, GAP detection irregularities were noted in each group at 12 kHz (a), 16 kHz (b), and in individual animals at 24 kHz (data not shown). In the first week after the noise exposure, GAP detection in the TTS group was significantly enhanced at 12 kHz by 22% when compared to the control and PTS groups (Fig. 6a) . By week 2, this enhanced startle reduction in the TTS group reverted to response levels that were similar to those observed during baseline testing, with no Pre-Pulse Inhibition of ASR Fig. 4 Pre-pulse inhibition of ASR before and after exposure to a noise (PTS 10 kHz 118 dB 1/3 octave band, 4 h; TTS 16 kHz 106 dB, 1 h) compared to controls (no noise exposure). Subjects displayed reduced startle responses during pre-pulse testing both before and after exposure to noise
GAP Inhibition of ASR
Fig. 5 GAP detection before and after exposure to noise (PTS 10 kHz 118 dB 1/3 octave band, 4 h; TTS 16 kHz 106 dB, 1 h) compared to controls (no noise exposure). Generally, subjects demonstrated reduced startle responses during GAP detection testing, both before and after exposure to noise significant differences between groups. During the second month, while there was a trend towards reduced GAP detection in the TTS group, the startle response was not significantly different from the control group (p ≤ 0.06). However, the PTS group demonstrated a significant reduction (42%) in GAP detection at 12 kHz (Fig. 6a) . At 16 kHz, enhanced GAP detection (29%) was observed for the TTS group during the two-four week time point (Fig. 6b) . Just as at 12 kHz, GAP detection deficits were present in the PTS group at the 5-8 week time point when compared to TTS and control groups (Fig. 6b) . This trend held true at 24 kHz for 25% of animals in the PTS group (data not shown).
MEMRI
Noise exposure results in differential manganese uptake in auditory-related brain regions. When we collated data across all of the auditory-related brain regions that were examined, both the PTS and TTS groups demonstrated significantly less Mn 2+ uptake (p < 0.0001 and p < 0.0048, respectively) than the control group (Fig. 7) . The PTS group had the least manganese uptake across groups.
In manganese uptake were observed in three brain regions (DCN, IC, and AC) when compared to controls 2 months after noise exposure. Neurons in the DCN had reduced Mn 2+ uptake after noise exposure with a significant reduction (p ≤ 0.05) in the PTS group compared to the control group (Fig. 8) . The DCN from the TTS group was not significantly different from the DCN of either the control or PTS group. The DCIC neurons from the PTS group had significantly reduced Mn 2+ uptake when compared to DCIC neurons from the control group (p < 0.05), but were not significantly different from the DCIC neurons from the TTS group (Fig. 9b) . While the CNIC as a whole reflected no change in Mn 2 uptake regional differences were observed (Fig. 9a) . Four medio-lateral areas of the CNIC were compared from dorsal to ventral (Fig. 9a) . In the PTS group, there was a significant decrease in Mn 2+ uptake in the more dorsal regions of the contralateral CNIC (p values from most ventral-to most dorsal = 0.162 V2; 0.038 V1; 0.016 D2; 0.040 D1) when compared to controls (Table 2 ). Significant differences in * * * *
A B
Groups -GAP Inhibition of ASR at 12 and 16 kHz Mn 2+ uptake after noise exposure were also found in the DCIC (Fig. 9b) .
Neurons from the auditory cortex exhibited differential Mn 2+ uptake depending on the group from which they were sampled (Fig. 10) . On average, AC neurons from the control group had higher Mn 2+ uptake compared with either the TTS or PTS groups. Once again Mn 2+ uptake was lowest in neurons from the PTS group (p < 0.05). While the uptake of Mn 2+ in the AC from the TTS group was diminished, it was not significantly different from either the control or the PTS group.
We also compared the of Mn 2+ uptake across brain regions in the central auditory pathway within each group (control, TTS, and PTS) to determine how noise exposure affects the neuronal activity profile across brain regions. The lowest levels of uptake were consistently observed in the AC and the medial geniculate body of the thalamus (Fig. 11) . In the control group, the highest level of Mn 2+ uptake was observed in the DCN followed by the SOC. In contrast, for the TTS and PTS groups the SOC showed the highest level of Mn 2+ uptake followed by the DCN and VCN. Interestingly, subdivisions of the IC have different levels of manganese uptake depending upon noise exposure status. In the normal hearing, non-noise exposed group, the DCIC exhibited the highest level of manganese uptake, but in the PTS group the DCIC had the least amount of uptake of the IC Fig. 8 Manganese uptake in the dorsal cochlear nucleus (DCN) 2 months following a single noise exposure. a A schematic from a rat brain atlas was used as a reference to identify the MRI brain section containing the region of interest. White rectangle on the MRI section is the region enlarged in the representative control, TTS and PTS images. Green arrows designate the region outlined in white under each condition. b In the DCN uptake of manganese is significantly diminished in the PTS group 2 months after noise exposure. Error bars: standard error of the mean; au arbitrary units; arrows indicate the cochlear nucleus; asterisks denote significance (p ≤ 0.05) subdivisions. Even in the TTS group, when hearing thresholds were normal, the DCIC had relatively less Mn 2+ uptake than in the control group, but still higher than other IC subdivisions. Interestingly, 2 months following a PTS the ECIC and the CIC appear to show a general shift towards increased Mn 2+ uptake (Fig. 11) .
Discussion
Noise exposures, even those that do not result in permanent hearing loss, have chronic effects on neuronal activity, even 2 months after trauma. After a single exposure to a loud noise producing either a permanent or a temporary hearing loss, we have demonstrated (1) PTS-related GAP detection deficits with decreases in manganese uptake in the cochlear nucleus, inferior colliculus, and auditory cortex; (2) increased ABR wave I amplitude and enhanced GAP detection (ASR inhibition) following TTS and (3) reorganization of spontaneous manganese uptake in the auditory pathway after both PTS and TTS.
GAP inhibition of ASR is differentially affected by PTS and TTS
The acoustic startle reflex encompasses a neural circuit involving brainstem and spinal neurons (Davis 1984; Koch 1999) . The ASR can be attenuated with a pre-pulse of noise or a gap of silence preceding the startle sound, which further involves midbrain and thalamic neurons (Swerdlow et al. 2001; Carlson and Willott 1996; Turner et al. 2006 ). This reduction of ASR is believed to result from sensory input regulated by central inhibitory processes and thus provides a means to discriminate hearing sensitivity at or above threshold (Young and Fechter 1983; Carlson and Willott 1996; Ison and Allen 2003) . In the current study hearing thresholds were tested with ABR and more frequently with pre-pulse inhibition of ASR to permit assessment of peripheral hearing loss as a factor during GAP detection performance. This is important because studies have shown that while profound deafness may affect performance during GAP detection, preserving hearing in at least one ear, as in the current study, allows retention of the ability to hear the tones used during PPI sessions and is sufficient for reliable performance during GAP inhibition of ASR testing (Longenecker et al. 2014; Galazyuk 2011, 2012; Turner et al. 2006) . Prior to noise exposure, animals in all groups exhibited reduced startle responses when a short duration tone preceded the startle noise during PPI sessions. Two months following a TTS or PTS noise exposure, there were no significant changes in the degree of pre-pulse startle inhibition, indicating that animals in both groups were able to detect tones presented during PPI testing. These results, similar to other studies, suggest that hearing was adequate for normal performance during GAP detection testing (Hickox and Liberman 2014; Holt et al. 2010; Knipper et al. 2013; Longenecker and Galazyuk 2012; Turner and Parrish 2008) . The results from our noise exposure groups are similar to other studies that reported GAP detection deficits after severe noise trauma and GAP detection enhancements after mild noise trauma. Deficits in GAP detection-reduced startle inhibition have been correlated with tinnitus (Turner and Larsen 2016; Turner and Parrish 2008) . The premise is that tinnitus interferes with processing of the silent gap, typically resulting in a startle response that is less attenuated.
Enhanced startle inhibition has been associated with early postnatal noise exposures (Rybalko et al. 2011) . They report that startle inhibition strength increases with increased sound intensity. However, after early postnatal noise exposure maximum startle inhibition occurs at lower intensities and is similar to that of the higher intensities observed in littermate controls. This complements our current results of increased startle inhibition at (16 kHz) and near (12 kHz) the noise exposure frequency and increased ABR wave I amplitude in the TTS group at 20 kHz, a frequency that is above that of the noise exposure (16 kHz). Mild noise exposure often results in augmented gain in neurons with characteristic frequencies above the noise exposure frequency (Hickox and Liberman 2014) . Thus results from the current study suggest that intensity levels in the TTS group are experienced as louder than the same level in the control group.
These results suggest that factors such as modulation of the gain of central auditory neurons may be at play, with exposure to loud noise resulting in an increased sensitivity to sound even as much as one month later (Fig. 3) . This change in ASR sensitivity has been referred to as hyperacusis. Previous studies suggest caution in using the term hyperacusis, typically used clinically to denote heightened awareness, hypersensitivity, discomfort, hyper-responsiveness, intolerance, or irritability in response to sound (Tyler et al. 2014) . As discomfort and awareness were not assessed in the animals in the current study, we use the term hyperacusis to describe hyper-responsiveness during ASR testing. Other studies have reported hyperacusis in both salicylate (Holt et al. 2010; Sun et al. 2009; Turner et al. 2006 ) and noise-exposed animals (Hickox and Liberman 2014; Knipper et al. 2013; Turner et al. 2006 Turner et al. , 2012 Turner and Larsen 2016; Salloum et al. 2014) . Peripheral synaptopathy (loss of inner hair cell synapses) has been speculated to be a potential root cause in studies where noise trauma results in a return to normal hearing thresholds (2-7 days), but with residual hyperacusis during the first few weeks (Hickox and Liberman 2014; Kujawa and Liberman 2009) . One measure of this synaptopathy has been evaluation of wave I ABR amplitude. In the current study, in the TTS group, when hearing thresholds had returned to normal, mid-high frequencies showed supra-normal amplitudes after 2 months. Could this increase in responsiveness result in hyperacusis and/or tinnitus? Can hyperacusis be an indicator of tinnitus. Some have hypothesized that synaptopathy-related hyperacusis may be due to overcompensation in the central nervous system (Knipper et al. 2013) . The timing of hyperacusis after cochlear trauma may represent crucial periods for peripheral and central dynamic plastic changes. Hyperacusis was observed at specific frequencies, suggesting that hyperacusis may be frequency specific and not necessarily in the same frequency range as the noise exposure or hearing deficits (Auerbach et al. 2014; Turner and Larsen 2016) . Previously, our work and others have reported results from ASR testing following noise exposure (Hickox and Liberman 2014; Holt et al. 2010; Turner and Parrish 2008) . However, our current results fit well with recent studies indicating that changes in GAP detection status continue to occur over time and thus expanding the incidence of ASR testing is prudent (Turner and Larsen 2016) . Frequent testing can reduce total startle to such an extent that no differences in startle can be discerned in the presence or absence of the gap of silence. However, infrequent testing may not capture the extent or the nature of changes occurring in detection of the silent gap after acoustic trauma, giving the impression that GAP detection irregularities are episodic. Therefore, reporting data from individual testing sessions may also prove instructive (Altschuler et al. 2015) .
The two noise exposure paradigms that we employed represent two tinnitus models that have been well characterized. The mild noise exposure TTS model is from the Bauer and Brozoski group while the severe noise exposure PTS model is from the Kaltenbach group. Both models have shown behavioral evidence of tinnitus (Brozoski et al. 2007; Heffner and Harrington 2002; Turner et al. 2006) and changes in neuronal activity. The basis for using these models is that commonalities observed between the two groups are more likely due to tinnitus than to hearing loss AC -Manganese Uptake * B A Fig. 10 Manganese uptake in the auditory cortex (AC) 2 months following a single noise exposure. a A schematic from an atlas was used as a reference to identify the MRI brain section containing the region of interest. The white rectangle on the MRI section is the region enlarged in the representative control, PTS, and TTS images. b In the AC uptake of manganese is significantly diminished in the PTS group 2 months after noise exposure. Error bars: standard error of the mean; au arbitrary units; Green lines outline the AC; arrows indicate muscle; asterisk-significance (p ≤ 0.05) 1 3 only (PTS) or acoustic trauma only (TTS), while differences are likely due to either the specific nature of PTS or TTS. At the frequencies we used for the noise exposure, the SD male Sprague Dawley rat model results in tinnitus following acoustic trauma in nearly 100% of the animals (Heffner 2011) . Therefore, our results suggest that GAP detection irregularities, whether deficits or enhancements, may be indicators of tinnitus. Since inhibition of ASR involves several brain regions, differences in GAP detection suggest involvement of central neuronal pathways.
In addition to GAP detection irregularities, multiple studies have linked loud noise exposure with increased SNA in auditory pathways (Auerbach et al. 2014; Holt et al. 2010; Robertson 2011, 2013; Robertson et al. 2013) . Specifically, the two noise exposures (PTS-Heffner and Harrington 2002; Zhang and Kaltenbach 1998; TTS-Brozoski et al. 2007 ) used in the current study have been reported to result in tinnitus and increased SNA. Increased SNA has been touted as the primary indicator of tinnitus. One concern with this indicator is that noise-related increases in SNA are often delayed by hours or days even when psychophysical data report an immediate onset for noise-induced tinnitus (Heffner and Harrington 2002) . Interestingly, there have been reports of changes in SNA immediately after noise exposure. Initially, after exposure to loud noise producing hearing loss, neurons of the DCN display decreased SNA (Kaltenbach et al. 2000) . Decreased SNA has also been reported in the IC days and months after noise exposure (Basta and Ernest 2004; Chen et al. 2016; Gerken et al. 1984; Ropp et al. 2014) . Two months after noise exposure, reduced spontaneous firing is reported in specific IC neurons in animals with behavioral evidence of tinnitus (Ropp et al. 2014) . A relationship has been shown between the intensity of a noise exposure and changes in the localization and direction of SNA. Focal regions of reduced glucose uptake, used as a measure of SNA in the IC (Jones and Disterhoft 1983) , are observed in the CNIC 2 months after broad band noise exposure. They reported that at 100 dB SPL there was a significant increase in SNA in the CNIC. However, 110 dB SPL and 120 dB SPL noise exposures resulted in growing regions of substantially reduced glucose levels located centrally, surrounded by regions of increased glucose uptake (Ryan et al. 1992) . This is similar to the current study in which exposures of 106 dB SPL (TTS) and 118 dB SPL 1/3 octave band were used to generate tinnitus. These data along with other studies suggest that tinnitus can be associated with neuronal hypoactivity (Luo et al. 2014; Yang et al. 2007 ).
MEMRI can be used to probe neuronal activity in both PTS and TTS models in-vivo
Manganese, administered to the awake and freely moving rat, is taken into cells primarily via L-type calcium channels with slow manganese efflux from the cell (days to weeks). Thus, manganese encodes the history of L-type calcium channel function while the animal is awake and freely moving (Cacace et al. 2014) . Specifically, in the auditory system MEMRI has been validated as a marker of neuronal activity (reviewed in Cacace et al. 2014) . Initial studies using MEMRI to evaluate the auditory system demonstrated that louder noise resulted in more Mn 2+ uptake in the IC. When animals administered Mn 2+ were exposed to high and low frequency tones, increased contrast was observed in corresponding tonotopic regions of the IC (Yu et al. 2011 (Yu et al. , 2005 (Yu et al. , 2008 . This MEMRI index of neuronal activity has been used previously to examine tinnitus-related changes ex-vivo (Brozoski et al. 2007 (Brozoski et al. , 2013 . Using MEMRI to examine neuronal activity after death has limitations because ultimately this approach does not allow assessment of neuronal activity over time. Because our ASR results demonstrated time dependent changes, inability to examine SNA over time may result in critical time points in acoustic-trauma-related changes being overlooked. In addition, Mn 2+ levels and/ or MRI T1 signals may change after death. Here, we use MEMRI to examine neuronal changes in live animals, preserving the potential for studying SNA in animals longitudinally. In the current study, Mn 2+ uptake was evaluated using signal intensity from T 1 -weighted images with muscle used to normalize each brain region. Muscle normalization was performed to control for minor variations in Mn 2+ administration that may result in differences in the amount of Mn 2+ available for uptake in each animal and coil performance during a given MRI session. Previous studies have examined changes in neuronal activity using electrophysiology up to two weeks following a PTS noise exposure in guinea pigs and MEMRI 48 h following a PTS noise exposure in rats (Holt et al. 2010 ) with behavioral evidence of tinnitus. We compared the TTS group and the PTS group to controls 2 months following noise exposure. In the PTS group the DCN, DCIC, and AC had significant decreases in Mn 2+ uptake, suggesting significant decreases in neuronal activity. Noise-induced changes in neuronal activity have been postulated to result initially from habituation to the noise exposure and then from lateral inhibition during attempts at homeostatic rebalancing of auditory pathways over time after noise exposure (Pienkowski and Eggermont 2012; Turrigiano 1999 Turrigiano , 2011 Turrigiano and Nelson 2004) .
Several studies have previously demonstrated increases in Mn 2+ uptake after behavioral evidence of tinnitus. The decrease in noise-induced Mn 2+ uptake at 2 months may be the result of a decrease in cell size, a decrease in the number of neurons, perhaps reflecting chronic energy reduction as the cells undergo oxidative stress, or a loss or change in the number and/or types of voltage gated calcium channels expressed by neurons. Another idea is that the effects of peripheral synaptopathy, a loss of inner hair cell synapses, is propagated throughout the auditory pathway over time. To address this question, future studies will need to assess inner hair cell synaptic markers to evaluate synaptic loss in addition to comparing the amplitude of ABR waveforms specific to peripheral or central function.
There were also changes in the pattern of manganese uptake in auditory pathways (Fig. 11) after both PTS and TTS. Both in the PTS and TTS groups there was a shift from the highest level of manganese uptake from the DCN to the SOC and PVCN. To better understand the relationship between Mn 2+ uptake, tinnitus and/or hearing loss, changes in Mn 2+ uptake will need to be studied longitudinally following a noise exposure and correlated with GAP detection performance.
Using MEMRI as a tool for tonotopic analysis
The noninvasive nature of MEMRI makes it a useful tool to assess tonotopic organization within key auditory brain regions, previously studied using electrophysiology (Hackett et al. 2011; Romand and Ehret 1990) and in a more limited way using MEMRI (Yu et al. 2007 ). When examining regional differences in the distribution of Mn 2+ within the CNIC, we found significantly lower Mn 2+ uptake in the ventral region of the CNIC of the PTS group compared to controls. In the Sprague Dawley rat, ventromedial regions of the CNIC correspond to high frequency while dorsolateral regions correlate with low frequency (Huang and Fex 1986) . Our data are similar to those of studies where metabolic activity was measured following intense noise exposure (Ryan et al. 1992) . In these studies, wide band noise (1.414-5.656 kHz) produced different patterns of metabolic activity in the CN and CNIC depending upon the level of the exposure. The 100 dB SPL produced broad spread increases in metabolic activity, while the 110 and 120 dB SPL exposures left the most dorsal and ventral regions with high activity, and a central (mid dorsal) to ventral region with greatly diminished activity. In our study, a 1/3 octave 118 dB SPL exposure also left a central-ventral region pattern of significantly diminished Mn 2+ uptake. This implicates changes in the activity of mid to high frequency neurons in the CNIC. Our results complement other studies that demonstrate that loud noise affects low spontaneous firing rate, high threshold auditory nerve fibers. In the IC high frequency neurons are the most affected following acoustic trauma (Bures et al. 2010; Grécová et al. 2009 ) suggesting that auditory nerve fiber trauma may be propagated centrally. Since MEMRI is highly sensitive to changes in neuronal activity and has high spatial resolution (Cacace et al. 2014 ) this technique will be helpful in future examination of tonotopic changes in auditory nuclei over time as synaptopathy, hearing loss, and/or tinnitus progresses.
Overall, querying the relative Mn 2+ uptake of auditory brain regions may begin to provide a map of activity levels following acoustic trauma and provide clues about pathway activity reorganization and their relationship to changes in hearing sensitivity and tinnitus. Two months following acoustic trauma, some changes in Mn 2+ uptake within the auditory pathway are similar. The SOC becomes the most active region followed by the PVCN in both the TTS and the PTS groups (Fig. 11 ). Since these changes occur in both groups they are independent of hearing status. This is in contrast to the IC where there are differential changes in Mn 2+ uptake, with the DCIC taking up the highest level of Mn 2+ in the TTS group and taking up the least in the PTS groups compared to the other two IC subdivisions. These differences in Mn 2+ in the IC suggest that MEMRI can discriminate hearing specific differences centrally following acoustic trauma. Whether features such as severity of damage, frequency at which damage occurs, etc.. can be identified using this method remain to be tested. Cochlear nucleus inputs to IC neurons are excitatory while SOC inputs are both inhibitory and excitatory. Thus reduced input from CN and increased input from SOC could contribute to increased inhibition of IC neurons. In addition, changes in the level of inhibitory neurotransmitter in the IC can change inhibitory tone in the nucleus. Changes in IC inhibition, which has been reported to occur following acoustic trauma (Turner et al. 2013) , could result in decreased Mn 2+ uptake. In the future, correlating synapse loss in the periphery, with neurotransmitter levels, SNA, and Mn 2+ uptake centrally may prove useful.
Correlating GAP detection and MEMRI to distinguish tinnitus and hyperacusis
By correlating Mn 2+ uptake with GAP detection we may also learn whether ASR and MEMRI can be used together as an objective measure of tinnitus regardless of hearing status. In the current study, the correlation of frequency specific GAP detection to MEMRI in the DCN and DCIC revealed a significant negative correlation for the TTS group. At 12 kHz in the control group, the amount of Mn 2+ uptake was higher in those animals with better GAP detection both at baseline and 5-8 weeks later. In the TTS group the same pattern was observed at baseline, higher Mn 2+ uptake in better ASR performing animals at 12 kHz. However, at 5-8 weeks after noise exposure, higher Mn 2+ uptake was correlated with poorer GAP detection. This fits well with the hypotheses that (1) normal hearing would result in a positive correlation (Fig. 12 control) between Mn 2+ uptake and GAP detection i.e., better GAP detection with more Mn 2+ uptake; (2) tinnitus would result in an inverse correlation (Fig. 12 tinnitus) with more Mn 2+ uptake (increased SNA) and more GAP detection deficits; (3) that hearing deficits would result in a positive correlation i.e., poor GAP detection with poor Mn 2+ uptake (Fig. 12 Hearing Loss); and (4) hyperacusis with tinnitus would result in enhanced GAP detection and good Mn 2+ uptake, while hyperacusis with hearing loss would result in GAP detection deficits and poor Mn 2+ uptake. In this proposed correlation, GAP detection irregularities (decreased or increased ability to detect the silent gap) during ASR testing can be correlated with tinnitus. This model stresses the need to determine brain regions, frequencies, and time points that can reliably be applied. Further testing of this correlation would be useful in a longitudinal study where 
Fig. 12
Proposed correlation of GAP detection performance with manganese uptake to differentiate tinnitus from hearing loss and hyperacusis. Manganese uptake is represented on the y-axis and GAP detection is reflected on the x-axis. Dots represent manganese uptake and Gap deterction under control conditions (grey dot), following the onset of tinnitus (blue dot) and after hearing loss (purple dot) data from multiple ASRs and imaging sessions would be collected before and several times after noise exposure in the same animals.
Conclusions
Changes in the pattern of Mn 2+ uptake are evident at 2 months after noise exposure and suggest that these changes within the auditory pathway may reflect adjustments to central gain necessary to maintain synaptic and intrinsic homeostasis. Interestingly, noise exposure results in a pattern of Mn 2+ uptake that when combined with GAP detection, may allow discrimination of hearing loss from tinnitus. These data raise the question of whether observed differences are static or continue to change over time. Our previous data using MEMRI in vivo demonstrated that noise-induced PTS results in increased Mn 2+ uptake 48 h after induction. However, in the current study, after 2 months the level of Mn 2+ uptake is less than that observed in normal hearing animals. Therefore, long-term hearing threshold elevation can result in diminished neuronal activity in the brainstem, midbrain, and cortex that change over time. This hypoactivity, relative to normal hearing controls, combined with either reduced GAP detection, increased sensitivity to sound as measured by enhanced GAP detection and increased ABR wave 1 amplitude may each be consistent with the tinnitus experience.
In addition to using MEMRI as a proxy for examining spontaneous neuronal activity associated with tinnitus, as in the present study, Mn 2+ uptake could also be studied in response to noise stimulation following the onset of tinnitus. This is especially relevant given a recent study demonstrating a subpopulation of neurons in the IC that produce a long lasting after discharge in response to sound that can last for minutes after the sound has stopped (Ono et al. 2016) . Tinnitus may reflect an inability of these IC neurons to produce the after discharge. Thus MEMRI may reflect this change in afferent activity as decreased Mn 2+ uptake. Future MEMRI studies could examine sound driven Mn 2+ uptake in tinnitus models to determine whether after discharges in the IC are reduced, the time point at which the loss of after discharges occur, and how long this change is maintained after the onset of tinnitus.
Although, noise generated enhancement of GAP detection and MRI detectable depression of neuronal activity in auditory-related brain regions may challenge current accepted notions of tinnitus measures, these features should also be considered as indicators of tinnitus. Having the ability to assess and monitor the activity of neurons within the auditory pathway greatly enhances the understanding of hearing-related pathology and the probability of devising effective treatment for hearing loss and tinnitus. Our results support the use of MEMRI, ABR, and ASR as useful and sensitive tools to evaluate changes in central gain, inhibition, and neuronal activity whether generated following mild or severe acoustic trauma. The results also continue to build a case for combining the use of MEMRI and inhibition of ASR as objective measures of tinnitus.
